Severe tissue carnitine deficiency impairs fatty acid oxidation. In explanted hearts from patients with end stage heart failure a 57% carnitine decrease was found in comparison with healthy donor hearts (p < 0.05). The reduction of myocardial carnitine levels affected all areas of the explanted hearts to a comparable extent. Carnitine decreases in patients with dilated cardiomyopathy or coronary artery disease were similar.
Introduction
, .
f j^u assessed in end-stage heart failure and the homogeneIn dilated cardiomyopathy, primary metabolic defects ity and distribution of the changes can be studied. In probably cause an impairment of cardiac function. In addition, micromethods as well as adequate reference heart failure due to coronary, valvular or hypertensive systems have been developed that enable the investiheart disease an abnormal haemodynamic burden gation of endomyocardial biopsies from patients with leads to hypertrophy and secondary metabolic less severe stages of heart failure (2) . Thus, it is now changes (1) . Since the lack of adequate amounts of possible to identify metabolic defects in end-stage tissue for biochemical studies has always limited the heart failure and to search for corresponding changes investigation of myocardial metabolism in human in endomyocardial biopsies from patients in the early heart disease, little information on these metabolic stages of heart failure. defects is available. " ., .-. . -. " -ratty acid oxidation is the major energy source 01 the However, as myocardial tissue can now be obtained heart (3) . Carnitine plays an essential role in mitoat cardiac transplantation, metabolic defects can be chondrial fatty acid uptake, and patients with severe carnitine deficiency are almost unable to oxidize lipids ') This work was supported by the DFG, grant Fl 165/1-1 and most tissues, with muscle weakness and, often, with clinical signs of dilated cardiomyopathy (6, 7) . Since there are indicators that myocardial fatty acid oxidation may be disturbed in patients with dilated cardiomyopathy, we decided to study the myocardial carnitine content as a parameter for the capacity to oxidize lipids in patients with heart failure (8).
In the first part of the study, carnitine was measured in explanted hearts to evaluate whether a carnitine loss occurs in heart failure and which areas of the heart are involved. Subsequently, measurements were undertaken on endomyocardial biopsies to determine whether patients who have not yet reached end-stage heart failure have defects in carnitine metabolism.
Methods

Studies in explanted hearts
In a first series of experiments myocardial carnitine content was measured in the explanted hearts of 66 patients who had undergone heart transplantation because of end-stage heart failure. Samples for the measurement of total carnitine were taken in all patients from the base of the left ventricle and from the free waU of the right ventricle. In addition, samples from the middle (41/65) and from the apex of the left ventricle (44/65), from the septum interventriculare (35/66), and from the right atrium (46/66) were studied. In 25 patients, samples from 6 areas of the heart (base, middle, and apex of the left ventricle, septum interventriculare, right ventricle, and right atrium) were taken. These samples were used to study the regional distribution of total carnitine in failing hearts. All samples were taken in the operating room, less than 15 min after explantation of the heart, immediately frozen on dry ice and stored at -70 °C until analysis.
Free carnitine was not determined in the explanted hearts because the time between explantation and freezing was between 15 and 30 min. This does not influence total carnitine levels; but carnitine esters may accumulate in this period of global ischaemia and thus, the relative amounts of free and total carnitine will be altered (9) .
Left ventricular biopsies from healthy donor hearts (n = 10) and right atrial biopsies obtained at aortocoronary bypass surgery from patients without heart failure (n =14) were used as controls.
Tab. 1. Haemodynamic parameters in patients with dilated cardiomyopathy (la), with heart failure due to other causes (Ib) and in normal controls (Ic). a) Heart failure due to dilated cardiomyopathy -not determined
Studies in endomyocardial biopsies
A second part of the study comprised 28 adults with dilated cardiomyopathy, 8 with heart failure of other origins, and 13 controls without heart disease. After an overnight fast, all subjects underwent complete non-invasive and invasive diagnostic studies including right and left sided heart catheterization, determination of cardiac index by thermodilution technique, biplane right and left ventricular angiography, coronary angiography, and right ventricular endomyocardial biopsy. The diagnosis of dilated cardiomyopathy was based on a left ventricular ejection fraction of < 55% after exclusion of primary coronary, valvular, hypertensive, or pulmonary heart disease and myocarditis (tab. la). Of the 8 patients whose heart failure was attributed to causes other than dilated cardiomyopathy, 3 had predominantly coronary artery disease, 3 had valvular, and 2 had hypertensive heart disease (tab. Ib).
The 13 controls were subjects in whom invasive diagnostic examination was undertaken for suspected coronary artery disease and in whom normal coronary arteries together with a normal left ventricular ejection fraction (> 55%), without valvular, hypertensive or pulmonary heart disease, were found (tab. Ic). Total myocardial carnitine was measured in biopsies from all patients and controls. Biopsies were frozen on dry ice less than 20 s after sampling. This short interval should not allow significant accumulation of carnitine esters. Therefore, if possible (depending on sample size), free myocardial carnitine was determined in the same biopsies (22 patients and 11 controls) and the ratio free/total carnitine was calculated separatedly for every sample.
Biochemical determinations
Myocardial carnitine was measured using a radio-enzymatic standard assay and microassay, specially adapted for endomyocardial biopsy, as published recently (2, 10). Total carnitine was measured directly after alkaline hydrolysis of plasma or tissue homogenate. Free carnitine was determined after acid extraction and neutralization of the sample (9).
Non-collagen protein was used as a reference system. Collagen protein was first extracted from the diluted tissue homogenate (11), followed by a conventional protein determination (12).
Based on our previous studies, the intra-assay coefficients of variation for total and free carnitine in concentrations from 50 to 500 pmol are 4% and 9%, respectively. The recovery rate for externally added free and acetyl-carnitine in amounts from 25 to 100 nmol/sample are 95 + 8% (free) and 92 ± 14% (acetyl-carnitine). The coefficient of variance for determinations from several biopsy-sized samples from the same heart is 13%, with a 95% confidence interval of 1.9 nmol carnitine per milligram non-collagen protein (2 To compare the carnitine content of different areas of the explanted hearts, independent of the absolute levels, samples were ranked from lowest (1) to highest (6) carnitine content in each of the 25 patients where carnitine levels were determined in 6 areas. The average rank for the samples at each location was then calculated for each area.
For the patients that were not yet in end-stage heart failure, regression analysis was done between free myocardial carnitine (x, = independent variable) and left ventricular ejection fraction, (y, = dependent variable) using y = a + b/x as a nonlinear curve fitting model.
Results
Myocardial carnitine content in end-stage heart failureMeasurements in explanted hearts
Sixty six patients with heart failure due to dilated cardiomyopathy or coronary artery disease had significantly reduced myocardial carnitine concentrations in all areas of the explanted hearts, compared with control values. The distribution of carnitine independent of the absolute values was obtained by an analysis by rank ( fig. 2) . Highest carnitine concentrations were found at the base of the left ventricle, followed by the mid area of the left ventricle with comparable levels in right ventricle, septum, and left ventricular apex. The lowest carnitine content was found in the right atrium (fig-2) . To compare the carnitine content in different areas of the explanted hearts, independent of the absolute levels, samples were ranked from lowest (1) to highest (6) carnitine content in each of the 25 patients; carnitine levels were determined in 6 areas. The average rank for the samples at each location was then calculated for each area.
Myocardial carnitine content in less severe stages of heart failureMeasurements in endomyocardial biopsies
Patients with heart failure showed a significant decrease of myocardial carnitine (in nmol/mg non-collagen protein) compared with controls (heart failure: 5.7, confidence interval 4.2 -7.0; controls: 10.3, confidence interval 7.6 -12.0, p < 0.005). There was a tendency towards a greater myocardial carnitine decrease in patients with left ventricular ejection fractions < 30% (52% carnitine loss) than in patients with left ventricular ejection fractions 30 -55% (39% carnitine loss) ( fig. 3a) . A comparable decrease of total myocardial carnitine was found in patients with heart failure caused by dilated cardiomyopathy and patients with heart failure of different origins ( fig. 3b ).
Free myocardial carnitine (in nmol/mg non-collagen protein) in 22 patients with heart failure was significantly reduced compared with 11 normal controls (heart failure: 4.2, confidence interval 3.7 -5.3, controls: 10.3, confidence interval 7.5-12.2, p < 0.001). Differences between patients with left ventricular ejection fraction < 30% and left ventricular ejection frac- cardiodiseases myopathy n = 13 n=28 n=8 Fig. 3 . Myocardial total carnitine content in a) patients with congestive heart failure and left ventricular ejection fraction < 30% or 30 -55% and controls. Median and confidence interval. b) patients with dilated cardiomyopathy, with congestive heart failure due to other diseases and controls. Median and confidence interval. The ratio, myocardial free/total carnitine, was 0.81 ± 0.05 in the heart failure group and 0.91 + 0.03 in the control group; the difference was not significant. 
Discussion
Carnitine, a low molecular weight amino acid derivative, is essential for the oxidation of fatty acids, the preferred source of energy for the heart (3,13). Severe tissue carnitine depletion impairs fatty acid oxidation and thus leads to cardiac failure (4 -7). We found a significant myocardial carnitine decrease in explanted hearts with end stage heart failure and confirmed a similar decrease in endomyocardial biopsies from patients with less severe disease. Studying the same metabolic alterations first in explanted hearts and later in endomyocardial biopsies offers several advantages: the range between normal and end stage disease as well as the reproducibility of measurements and regional distribution of metabolites can be determined on large samples and serves as a basis for the investigation of biopsies.
In the explanted hearts, no differences were found between carnitine levels in the left ventricle and right ventricular septum. We and others found significant correlations between biochemical changes in the right ventricular septum and functional parameters in the left ventricle (14, 15) . Thus, the septum probably resembles in its biochemical properties the left ventricle, and biopsies from the right ventricular septum may be used to estimate the carnitine content in the left ventricle.
The use of an appropriate reference system is of major importance for obtaining accurate metabolite levels in endomyocardial biopsies. The variability between different samples from the same area of the heart is much more pronounced when wet weight rather than non-collagen protein is used as a reference system. Since this variability increases with decreasing sample size it appears to be optimal to relate metabolite levels in biopsies to non-collagen protein or to other more specific reference systems (2).
Patients with heart failure due to dilated cardiomyopathy or to other cardiac diseases revealed a comparable reduction in myocardial carnitine. Thus, alterations in carnitine metabolism apparently represent metabolic changes associated with heart failure, regardless of its origin (16, 17) .
A decrease of myocardial carnitine is not only present in end stage heart failure but is also found in less severe disease. Free myocardial carnitine represents the important part of the carnitine pool that can actively participate in the transesterification of cytosolic fatty acid coenzyme A esters. In our patients, relatively high ratios of free/total carnitine were found, possible due to the fact that all patients were studied in the fasting state. The correlation between free myocardial carnitine and the left ventricular ejection fraction suggests an association between the reduction in myocardial carnitine levels and the impairment of cardiac function, in spite of a great interindividual variability. Either impaired accumulation of carnitine may reflect the severity of myocardial damage, or the myocardial carnitine decrease contributes to the reduction of myocardial function -in addition to a considerable heterogeneity of myocardial metabolism in heart failure (2,16).
Primary as well as secondary carnitine deficiency syndromes have been described (18 -20) . The patients affected are mainly characterized by low plasma carnitine levels. In contrast, heart failure patients usually present with high plasma carnitine (15, 17) . Reduced myocardial carnitine in the presence of high plasma levels may be caused by defects in the synthesis of the carnitine precursor, butyro-betaine, or defects in the carrier system, as in diphtheria (21, 22) . In addition, non-specific membrane damage, like that in ischaemia, may be involved in the pathogenesis of carnitine deficiency in heart failure (9).
A possible effect of carnitine supplementation in heart failure depends on myocardial carnitine levels. Thus, proper selection of patients, based on tissue carnitine levels, is required for any therapeutic trials.
